Abstract-Diaphragms or slits (to limit the size of the ion beam) and degraders (to reduce the kinetic energy of ions) are often used in beam lines for ion transport. When an ion beam travels through these elements, parameters such as rms sizes, angle, and momentum spread change abruptly. This fact should be taken into account in calculating the subsequent sections of the beam line. Formulas are derived for determining new parameters of the ion beam immediately after its passage through those elements. The results of calculations are given regarding the transport of different kinds of heavy ions in the beam lines of the U400M cyclotron of the Joint Institute for Nuclear Research (JINR) Flerov Laboratory of Nuclear Reactions intended for testing electronic microchips.
INTRODUCTION
The beam lines for ion transport aimed for testing electronic microchips by their exposure to irradiation by heavy ions at energies from 3-6 up to 40 MeV/amu [1, 2] have been developed and are being used at the Flerov Laboratory of Nuclear Reactions of the Joint Institute for Nuclear Research. Elements such as dia phragms or slits (for limiting sizes of the transported ion beam) and degraders (for reducing the kinetic energy of ions) are used in these beam lines.
When the ion beam passes through a diaphragm, slit, or degrader, its rms sizes, angle, and momentum spread undergo a sudden change in leaps and bounds. This circumstance must be taken into consideration during the calculations of subsequent sections of the beam line. The formulas are derived in this work for calculating new parameters of the ion beam immedi ately after its passage through the mentioned elements in five dimensional phase space. The formulas take into account the correlations of spatial and angular coordinates and momentum spread (when values of the dispersions D x and D y and their derivatives and at the point before the diaphragm differ from zero). A change in the dispersion functions of the beam must be taken into consideration if dispersive elements such as bending magnets are used after the diaphragm or slit. New parameters of the beam are calculated under the assumption that the beam density before the dia phragm and slit has Gaussian distribution.
CALCULATION OF OPTICAL FUNCTIONS OF THE ION BEAM AFTER ITS PASSAGE THROUGH A CIRCULAR DIAPHRAGM
The Courant-Snyder invariant I has the following form:
(1)
Here α x , β x , α y , and β y are the Twiss parameters; ε x and ε y are the horizontal and vertical rms emittances of the beam, while Δp/p is the relative longitudinal momen tum spread of ions. Further we denote the Δp/p quan tity by the letter δ. The notations ε x β x = and ε y β y = are the horizontal and vertical betatron rms sizes of the beam (determined by the emittance alone). Then we present the function of ion distribution over coor dinates, angles, and longitudinal momentums in the five dimensional phase space, which is normalized to unity, as All quantities in (1)-(3) are determined at the point before the diaphragm.
Calculating the Number N of Particles that Passed through the Diaphragm Aperture of the Radius a
To find N, we integrate distribution function (2) for the variables x', y', and δ on the interval (-∞, +∞), while for the variables x and y over the area of the circle with the radius a. While integrating, it is convenient to use the substitution of variables: (4) The matrix M 1/2 is defined as
where the symbol "Sp" denotes the spur of matrix, "det" means its determinant, SpM 1/2 = , and E is the unity matrix.
The function f is expressed in new variables as
The particle number N is given by the formula (7) where (8) In the limit, a → +∞, which corresponds to the absence of the diaphragm, the value N → 1 for all val ues of and Here and later, the index "0" denotes the initial beam parameters before the diaphragm, slit, or degrader.
Calculating the Moments and
The symbol of averaging (bar above) means the integration of a product of the quantity being averaged and function (2) over the whole five dimensional phase space, While averaging, by using variables (4) and introducing the designations With a → +∞, the quantities I 1 , I 2 , and I 3 → 0, while and tend to their initial values and
